The electromechanical impedance-based damage identification approaches have shown excellent potential in identifying small-sized structural defects, while maintaining simplicity in implementation. The available independent impedance measurement data sets, however, are generally far fewer than the number of required system parameters. As a result, the inverse problem for damage identification is seriously underdetermined, which undermines the reliability of damage prediction since the inverse solution becomes extremely sensitive to even small amount of error in the measurement, especially in practical applications with unavoidable noise and damping influences. This research aims to advance the state of the art by developing a novel approach that (a) enables highly accurate measurement of damage-induced impedance variations against noise and (b) fundamentally improves the underdetermined inverse problem to reliably identify the location and severity of small damages. This new approach utilizes the strongly non-linear bifurcation phenomena in bistable electrical circuits that may exhibit dramatic changes in the response due to small input variations. In this study, an array of bistable circuits is strategically integrated with the structure and piezoelectric transducer so that small damageinduced changes in the piezoelectric impedance can be accurately determined by monitoring whether each circuit exhibits intra-or inter-well responses. This measurement data set is greatly enriched by utilizing an adaptive piezoelectric circuitry with tunable inductor integrated with the monitored structure, which introduces more degrees of freedom into the system. By selectively tuning the inductance values, the dynamic characteristic of the electromechanically coupled system can be altered, thereby one can significantly increase the number of impedance variation measurements for the same damage profile. The enriched data set is utilized to fundamentally improve the underdetermined inverse problem for damage identification. A series of numerical and experimental damage identification studies verify that the proposed methodology can significantly enhance the accuracy and reliability of impedance-based damage identification.
methods. As a result, the piezoelectric impedance has been extensively utilized to detect and examine the severity of damages in a variety of systems including civil 7, 8 and aerospace structures, 9,10 biomedical applications, 11, 12 and mechanical components, such as bolted, 13, 14 welded, 15 and bonded 16, 17 joints and metallic 18 and composite 19, 20 plates. Furthermore, by comparing the damage-induced changes of piezoelectric impedance measurements with those obtained from a reliable baseline model, the location and severity of damage can be identified by an inverse analysis. 14, [21] [22] [23] However, the number of available independent impedance measurement data sets is generally far smaller than the number of degrees-of-freedom required for characterizing the damage from the corresponding baseline model. As a result, the inverse problem for damage identification is often highly underdetermined, 23, 24 which severely undermines damage identification performance since the inverse solution may become unstable and extremely sensitive to even small amount of error in the data, especially in practical implementations where impedance changes induced by small damages may be easily buried in noise.
Recently, the authors have developed an approach that integrates the monitored structure and adaptive piezoelectric circuitry with tunable inductor to improve the underdetermined inverse problem for impedancebased damage identification. 24, 25 Since additional degrees of freedom are introduced by the circuitry, the dynamic characteristics of the electromechanically coupled system can be modified by changing the inductance value to substantially increase the number and variety of independent impedance change measurements with respect to the same structural defect. As a result, this enriched data set can be utilized to fundamentally improve the underdetermined inverse problem. Although this data enrichment method improves the inverse problem, it may still be underdetermined especially for relatively large-scale structures, and thus could be extremely sensitive to noise and measurement error. In addition, the authors have developed a bifurcation-based sensing approach that can accurately determine damage-induced resonance frequency changes for vibration-based damage identification. 26 In conjunction with the data enrichment technique using adaptive piezoelectric circuitry, this prior study has shown significant enhancement in damage identification performance against noise contamination. However, since vibration-based techniques are generally limited to only low-frequency operation, the approach may not be effective for identifying incipient small-sized damages. In order to address these concerns and advance the state of the art, the new research presented in the article develops a novel method that enables robust measurement of the damage-induced piezoelectric impedance amplitude variations against noise contamination. In conjunction with the data enrichment approach, this study explores a new methodology that can accurately identify the location and severity of small structural damages under realistic noise influences.
In the following sections, we first introduce the damage identification approach utilizing adaptive piezoelectric circuitry. Then, the new approach for damage-induced impedance change measurement using bifurcation in an array of bistable circuits is discussed with design guidelines considering practical implementation. Numerical and experimental damage identification efforts are conducted to verify the effectiveness of the proposed approach against noise contamination. Following the investigations, concluding remarks are provided to summarize and reflect upon the potential of the new approach.
Overview of damage identification using adaptive piezoelectric circuitry
This section reviews the damage identification algorithm previously introduced by the authors, 24 which exploits the enriched impedance measurements using adaptive piezoelectric circuitry. Figure 1 shows a schematic diagram of an example structure integrated with electric circuit for piezoelectric impedance measurement and adaptive piezoelectric circuit with tunable inductor. The piezoelectric admittance Y (v), inverse of the piezoelectric impedance, at frequency v is obtained by the voltage drop V R across the resistor R s
where V e is the excitation voltage. By employing the spectral element method, 23, 27 the admittance of the integrated system can be derived as
where S(v) represents the frequency-dependent dynamic stiffness matrix and k 1 , k 2 are coefficients related to the geometry and material properties of the integrated system. The vector F p indicates the location of the piezoelectric transducer in the model discretized into N elements. For example, when damage is assumed as local stiffness reduction in the structure, a vector of damage indices can be defined as
where d i represents the stiffness reduction of the ith element. Since the stiffness terms are non-linearly formulated in the dynamic stiffness matrix inverse S À1 (v) of the damaged structure, Taylor series expansion of Y (v) is employed to derive the inverse problem and explicitly determine the stiffness reduction induced by damage
where sensitivity matrix G = ∂Y(v)=∂dj d = 0 and DY(d) is a vector of damage-induced piezoelectric admittance changes. The location and severity of the damage can be identified by solving for the damage index vectord that minimizes the difference between the vector of experimentally measured admittance change DY m and the vector of admittance changes predicted by the baseline model DY(d)
This inverse problem is often highly underdetermined since the number of independent impedance measurement data sets is generally far smaller than the number of required system parameters, which leads the damage index vectord to be unstable and severely sensitive to noise in DY e . However, this limitation can be addressed by utilizing an adaptive piezoelectric circuitry with tunable inductor integrated to the monitored structure. For example, when the inductance values are strategically tuned from L 1 to L n , 24, 25 n different sets of inverse equations can be obtained, that is,
, where the sensitivity matrix G(L i ) and the admittance changes DY(L i ) are both dependent on the inductance value L i . By augmenting these equations in a matrix form and substituting into equation (4) , one can significantly enhance the underdetermined inverse problem by increasing independent information about the damage in the inverse problem formulation as the followinĝ
where DY L m is the vector of experimentally measured admittance changes of the integrated system with corresponding inductances.
Impedance change measurement using bifurcations in bistable circuitry network Section ''Overview of damage identification using adaptive piezoelectric circuitry'' shows that the impedance variations induced by damage occurrence are utilized as input for the damage identification routine enhanced by the adaptive piezoelectric circuitry. Yet, the impedance changes induced by small damages may not be easy to accurately measure. This is because with high-frequency interrogation, the response can be suppressed by structural damping and thus easily be buried in noise. In order to address this concern, this research develops a new method that enables robust measurement of the damage-induced impedance variations against noise contamination by utilizing bifurcation phenomena in strongly non-linear dynamical systems. Bifurcation refers to a phenomenon where qualitative change occurs in the response topology of a non-linear system in consequence to infinitesimal variation of system parameter across critical point. 28, 29 The bifurcation phenomena have been utilized to measure minute adsorption of the target analyte mass by tracking the bifurcation activation point of a MEMS (microelectromechanical systems) sensor, which has shown great sensitivity under noise and damping influences. [30] [31] [32] [33] Recently, the bifurcation-based sensing approach has been extended to applications in macro-scale structures by introducing the required strong non-linearity through a strategic integration of bistable circuitry with piezoelectric transducer and the monitored structure. 26, 34, 35 While promising, such an approach has not been utilized for impedance-based measurement and SHM enhancement. In this research, we employ the bifurcation phenomena in a network of bistable circuits to develop a new sensing method that enables accurate measurement of damage-induced impedance changes against noise contamination for structural damage identification.
Overview of impedance change measurement using a network of bistable circuits Figure 2 (a) presents the configuration of a beam structure integrated with the proposed bistable and adaptive piezoelectric circuitry. The double-well Duffing analog circuit 34, 36, 37 employed as bistable circuit in this study (Figure 2(b) ) involves saddle-node bifurcation that is activated when the input voltage amplitude exceeds a critical threshold, while the excitation frequency is fixed at a value that is below the linear resonance frequency of the circuit. As a result, the circuit undergoes sudden and dramatic change in the output voltage level with minute input voltage variation around the critical threshold. For example, when the input voltage amplitude is lower than the bifurcation threshold, the bistable circuit output voltage undergoes small amplitude, intrawell oscillations; whereas for higher input levels, the circuit may exhibit output with large amplitude interwell oscillations (Figure 2 (c) and (d)). We capitalize on this drastic response change that yields remarkable sensitivity to the input voltage variation for measuring minute changes in the piezoelectric impedance induced by damage occurrence. By strategically integrating the bistable circuitry with the host structure and piezoelectric transducer as shown in Figure 2 (a), the electromechanical impedance that reflects the structural response effectively becomes the input to the bistable circuit following gain adjustment. As a result, by monitoring the bifurcation in the output voltage V o that is activated by the impedance changes, one can assess the structural change associated with the occurrence of damage. Figure 3 shows an example of structural response around resonance obtained by the piezoelectric transducer. Since the structural damage is assumed as local stiffness reduction in this study, the occurrence of damage reduces the resonance frequency and increases the structural response at frequencies below the linear natural frequency. When a bistable circuit is designed such that the bifurcation threshold (h0 in Figure 3 (a)) is located between the structural responses of the healthy and damaged structures for harmonic excitation at frequency v o , the healthy structure may generate small amplitude intrawell oscillation in the output voltage of the bistable circuit since the input voltage level is lower than the bifurcation threshold, while the damaged structure may induce large amplitude interwell oscillation as compared in Figure 2 (d). This drastic change in the output voltage can be utilized to assess the impedance change induced by damage. By capitalizing on the negligible backward coupling due to the characteristics of op-amp in the bistable circuit, 34 one can apply the structural response at a single frequency as input to a network of identical bistable circuits in parallel, as presented in Figure 2 (a). The input voltage amplitudes for each bistable circuit are then adjusted by systematically tuning the gain values so that the adjusted input amplitudes are sequentially located at relatively different levels within a range that encompasses the bifurcation threshold. By evaluating the output voltages of each bistable circuit whether they exhibit intra-or interwell oscillations and comparing the results for the healthy and damaged structures, the damage-induced impedance change can be accurately determined as will be described below. For example, when the healthy structural response is applied to a bistable circuit with relatively high gain value, the circuit may exhibit interwell oscillation as the input level become larger than the bifurcation threshold. However, the bistable circuit with relatively low gain value may show intrawell oscillation in the response. In this way, when the gain values for each bistable circuit are selected to be sequentially decreasing, the corresponding bistable circuit responses initially exhibiting interwell oscillation will suddenly change to the intrawell since the relative bifurcation threshold value increases with respect to the input voltage level. The sudden change occurs at a certain bistable circuit where the relative threshold value exceeds the normalized input voltage level. As a result, one may obtain a digitized (either intra-or interwell oscillations) array of bistable circuit responses that exhibits a notable jump as presented in the inset of Figure 3 (b). Repeating this process for the damaged structure may yield a similar array of responses but with a sudden jump at a bistable circuit with different relative threshold value. As illustrated in Figure 3 (b), for relatively low (high) threshold values, the bistable circuit output voltage may exhibit interwell (intrawell) oscillations for both healthy and damaged structures; whereas bistable circuits having the relative threshold values between the input voltages from the healthy and damaged structures will show remarkably different output voltage levels for each structure. Therefore, the damaged-induced impedance change at the specific frequency can be determined from the notable difference between these digitized arrays for the healthy and damaged structures. By repeating this procedure for other frequencies, the piezoelectric impedance variations can be accurately quantified to be utilized in the damage identification routine presented in section ''Overview of damage identification using adaptive piezoelectric circuitry.'' Therefore, by utilizing the dramatic change in the bistable circuit response, we can measure minute impedance changes induced by small structural damages.
Gain selection strategy considering practical implementation
The core principle of the proposed bifurcation-based sensing approach is based on tracking the onset of saddle-node bifurcation that induces dramatic change in the response level. However, it is well known that saddle-node bifurcation could be strongly affected by some influences that are unavoidable and ever-present in practical applications. For example, noise may yield a distribution of premature bifurcation points [38] [39] [40] that activate bifurcation even before the governing parameter reaches the deterministic bifurcation threshold, while non-stationarity of the bifurcation parameters may delay the onset of bifurcation. 41, 42 As a result, it is critical to distinguish whether the bifurcation is activated due to actual damage-related structural changes or the noise and non-stationary influences to successfully implement the advanced bifurcation-based sensing approach. Therefore, in this section, such statistical characteristics of the bifurcation points are theoretically investigated and incorporated to strategically selecting the gain values for bifurcationbased sensing in practical applications.
In this research, the target structure is harmonically excited at frequency v o with increasing amplitude up to V e at a rate of m e . The structural response obtained by voltage drop V R across the resistor R s with additive Gaussian white noise is applied as input voltage V i to the array of bistable circuits following gain adjustments. The stochastic and non-stationary influences on the activation of classical smooth saddle-node bifurcations can be investigated by utilizing the stochastic normal form of dynamic saddle-node bifurcation, which is a simplified form that describes the system dynamics local to the bifurcating point. 36, 43 Since the bistable circuit exhibits non-smooth dynamical behavior due to the non-linear feedback loop among an op-amp and a pair of diodes, we develop a normal form of nonsmooth saddle-node bifurcation to examine the local dynamics near the bifurcation point
where z is a scaled output voltage of the bistable circuit, () 0 indicates differentiation with respect to scaled time t, and a is the scaled noise level according to the sweep rate. j is the Gaussian white noise with autocorrelation j(t)j(t) = 2d(t Àt). By solving the well-known Kramer's rate 38 related to the normal form equation (7) with a straight forward back-calculation, we can theoretically estimate the distribution of input voltage amplitudes V esc that trigger the non-smooth saddle-node bifurcation for given noise and sweep conditions, which will be utilized for determining the gain values. Detailed derivation can be found in Appendix 1. Figure 4 shows an example of the theoretically estimated cumulative probability distribution of bifurcation points in the bistable circuit when the input sweep rate is 4 V/s and the standard deviation of the measurement noise is 10 mV. The horizontal axis is the input voltage amplitude and the cumulative probability is provided along the vertical axis. If the gain value is designed such that the input voltage amplitude V i is swept up to V A in Figure 4 , which is approximately two standard deviations SDV esc below the mean value V esc , 36 the bistable circuit will undergo saddle-node bifurcation from intra-to interwell oscillations with 2.5% probability. In other words, the bistable circuit will have 97.5% probability to exhibit intrawell oscillation. However, gain value selected to sweep the input amplitude up to V B point, which is on the opposite side of the mean value, may induce interwell oscillation in response with a probability of 97.5%. In other words, the input amplitude increase from V A to V B may activate saddle-node bifurcation with approximately 95% probability. Therefore, in this research, the gain values are determined such that the input voltage amplitudes V i = G n V R for each bistable circuit are sequentially separated by four standard deviations of the escape voltage distribution, which results in
where G n the gain value for the nth bistable circuit in the array. As a result, the damage-induced change of structural response amplitude DV R can be determined by comparing whether the bifurcation has occurred in each bistable circuit for the healthy and damaged structures. For example, if the bifurcation has occurred at the pth and qth circuits of the array for the healthy and damaged structures, respectively, yielding significant jump in the response amplitude as illustrated in Figure 3(b) , the difference in the bistable circuit response array can be mapped to the corresponding damage-induced structural response change as Finally, the damage-induced admittance (inverse of the impedance) change DY can be determined as equation (10) and be utilized for damage prediction with the identification algorithm presented in section ''Overview of damage identification using adaptive piezoelectric circuitry''
Therefore, by incorporating the theoretically estimated bifurcation statistics into developing a bifurcation-based sensing strategy, the damage-induced impedance variations can be accurately determined via monitoring the dramatic changes in the response levels of the bistable circuit array.
Numerical investigations

Case study: damage identification under noise
In this section, a numerical case study is conducted to verify the proposed damage identification approach using a beam structure model integrated with bistable and adaptive piezoelectric circuitry shown in Figure  2(a) . A fixed-fixed beam structure evenly discretized into 31 elements is integrated with piezoelectric transducers at the 3rd and 21st elements, which are respectively connected to a tunable inductor for data enrichment and a bistable circuitry network for impedance change measurement. Damage is represented by 1% and 1.5% structural stiffness reductions at the 13th and 24th elements, respectively. Since the damage effect is more significant near the resonance peaks, the impedance changes are assessed at five frequencies around each resonance frequency for damage identification. Then, the inductances are tuned for each resonance in the frequency range of 5-11 kHz following the procedure introduced in Kim and Wang 24 and Jiang et al. 45 The proposed bifurcation-based sensing approach is implemented by numerically solving the governing equation in equations (11) and (12), which is derived assuming ideal op-amp characteristics and Shockley's diode model 46 L 
Relevant parameters of the integrated system are listed in Table 1 . In this case study, Gaussian white noise with standard deviation of 10 mV (approximately 28 dB signal-to-noise ratio) is added to the input signal prior to gain adjustments. The gain values are determined based on the procedure described in section ''Impedance change measurement using bifurcations in bistable circuitry network'' for the given noise level. It is known that the saddle-node bifurcation threshold of a harmonically driven doublewell Duffing oscillator is generally dependent on the excitation frequency, especially near the principle resonance and super-harmonic frequencies. 29, 35, 47 In order to reliably activate the saddle-node bifurcation across a broad range of excitation frequencies, the bistable circuit parameters are designed such that the harmonic excitation frequency (5-11 kHz) is approximately 23-50 times lower than the principle resonance frequency ((1=2p)( ffiffiffiffiffiffiffiffiffiffiffi 1=LC p )), where the saddle-node bifurcation threshold becomes significantly less influenced by the excitation frequency as it approaches to the quasi-static bifurcation threshold.
34,48 Figure 5 shows the measurement error distribution of damage-induced piezoelectric admittance changes determined by the (a) conventional method that compares the spectral amplitudes of the healthy and damaged structural responses and (b) proposed approach utilizing the bistable circuit network. It is clearly observed that the proposed method significantly enhances the measurement accuracy by more than 300% compared to the conventional approach by decreasing the standard deviation of measurement error from approximately 4:9310 À6 to 1:6310 À6 . Figure 6 presents the damage location and severity identification results of a numerical case study with the two damages. The horizontal axis indicates the element number, and the predicted damage severity (elemental stiffness reduction) is provided along the vertical axis. The dashed boxes indicate the actual location and severity of the damages introduced in this case study. When the conventional approach is applied to measure the admittance change without utilizing the adaptive piezoelectric circuitry for data enrichment, the damaged elements are falsely identified with the largest damage of 5.1% stiffness reduction at the 23rd element as shown in Figure 6 (a). However, Figure 6 (b) shows that applying the data enrichment approach to the damageinduced admittance changes obtained by the conventional method improves the damage prediction. It can be observed that the damage at the 24th element with 1.5% stiffness reduction is better predicted. Yet, the damage at the 13th element is not identified correctly. From more detailed investigations, we recognize that this is because the damage at the 13th element induces relatively small admittance change (which would be easily buried in noise) compared to that induced by damage at the 24th element. As a result, although the adaptive piezoelectric circuitry is employed for data enrichment, the damage at the 13th element is still not correctly identified. Since structural health monitoring systems may not distinguish false alarms from accurate damage identification, such incorrect prediction may mislead subsequent corrective measures. In contrast, when the proposed bistable and adaptive piezoelectric circuitry is employed to significantly enhance the measurement accuracy against noise influences, damage identification results accurately pinpoint the location and severity of damages as shown in Figure 6 (c). 
Damage identification study for various damage profiles
The prior section presented damage identification results for a single case with damages at two locations of the structure. It was found that utilizing the proposed approach significantly improved the damage identification performance under realistic noise influences, which otherwise greatly degrades the viability of damage identification. In this section, we examine the reliability of the proposed approach by further extending the numerical investigation of damage identification for various damage profiles with different numbers and severities, while keeping other conditions the same as in section ''Case study: damage identification under noise.'' The damage is assumed to be located at from one to three different locations of the beam structure with four different severities (0.5%, 1%, 1.5%, and 2% local stiffness reduction). The damage identification routine is performed for 924 different cases of damage profiles including 124 conditions of single damage and 400 conditions for two and three damages, respectively, which are randomly selected out of their total possible combinations. The root mean square deviation (RMSD) between the actual d actual and identifiedd damages is employed in this study, which provides a qualitative measure to assess the performance of damage identification
are the predicted and actual damage indices of the ith element, respectively. Figure 7 compares the distributions of damage prediction errors obtained by utilizing the (a) conventional measurement without data enrichment, (b) conventional measurement with adaptive piezoelectric circuitry for data enrichment, and (c) integrated bistable and adaptive piezoelectric circuitry. The damage prediction error is presented along the vertical axis and the horizontal shows its relative frequency. The first and third quartiles of the distributions are indicated by dashed lines with numerical values given alongside. It is seen that the damage prediction performance is greatly improved by employing the proposed approach, where the modes with maximum relative frequency and medians of the error distributions decrease from approximately 111% and 116% to 20% and 36%, respectively. From these results, it can be concluded that the proposed method utilizing the bistable and adaptive piezoelectric circuitry significantly enhances the reliability of damage identification under noise influences.
Experimental investigation
Experimental damage interrogation is performed on an aluminum beam structure (Al-2024) that is discretized into 61 elements in the baseline model to validate the effectiveness of the proposed approach. The experimental configuration is shown in Figure 8(a) . The damage is introduced by a surface notch (90-um deep and 10.4-mm long) at the 25th element of the beam structure, which results in approximately 8.3% reduction in the local bending stiffness. 24 While the induced stiffness change is larger than what are used in the numerical study due to experimental constraints and limitations, it is still adequate to demonstrate the proposed idea and concept, especially with larger noise level (about five times of that used in the numerical investigation) applied in the tests. The piezoelectric transducers (PSI-5A4E) attached on the top surface of the 29th and 41st elements of the beam structure are connected to a tunable inductor for data enrichment and a bistable circuit for impedance measurement, respectively. By strategically selecting the inductance values of a synthetic inductor that consists of op-amps (LM324), resistors, and capacitors (Figure 8(c) ), 49 the dynamics of the electromechanically coupled system are favorably altered to obtain an enriched data set of damage-induced impedance change measurements. Relevant parameters are provided in Table 2 . In this study, the baseline model has been tailored by updating the length, mechanical loss factor of the beam, and the location of the piezoelectric transducers to minimize the errors stemming from the measurement of the beam dimensions and material properties. 27 The proposed bifurcation-based sensing method may be implemented in two ways: parallel and iterative methods. Figure 2(a) shows an example of the parallel approach where the structural response measured by the piezoelectric transducer effectively becomes input to a network of bistable circuits in parallel to examine whether each bistable circuit exhibited intra-or interwell oscillations. However, in this study, we have employed the iterative method with a single bistable circuit to realize the proposed sensing algorithm for damage identification as shown in Figure 8(a) . The electromechanically coupled system is harmonically excited with amplitudes swept in a rate of 4 V/s, and the resulting structural response measured by voltage drop across the resistor is iteratively fed to the bistable circuit following gain adjustments that correspond to the sequentially selected values in the parallel method. In order to account for measurement noise in practice, Gaussian white noise with standard deviation of 50 mV (approximately 15 dB signal-to-noise ratio) is applied to the input signal prior to the gain adjustments. The gain values are selected according to the guideline presented in section ''Overview of damage identification using adaptive piezoelectric circuitry'' such that the relative levels of the bifurcation threshold are separated by four standard deviations of the estimated escape distribution. For each iteration, the bistable circuit response is evaluated for whether it exhibited intra-or interwell oscillations. The two methods should provide equal sensing performance when the strategies are correctly performed. Since the damage is introduced as a surface notch in the experiment, the damage indices are restricted to have positive coefficients in the inverse algorithm assuming stiffness reduction and are solved by employing the least-square analysis.
The damage prediction results obtained by the conventional method with adaptive piezoelectric circuitry and the new approach utilizing the integrated bistable and adaptive piezoelectric circuitry are presented in the top (a, c) and bottom (b, d) rows of Figure 9 , respectively. The damage identification routines are carried out for 10 runs, and the averaged results (local stiffness reductions in each element) are plotted in Figure 9 (a) and (b). The vertical axis indicates the stiffness reduction in each element, while the element number and the number of inductance tunings are provided along the horizontal axes, respectively. For both measurement methods, the damage prediction results indicate wrong location when the data enrichment technique is not applied, where the number of inductance tunings is one. However, as the number of inductance tunings increases, the damage identification results obtained by the proposed approach converge to the correct location and finally pinpoint damage at the 25th element with 7.3% stiffness reduction, close to the actual value of 8.3%. In contrast, although the damage predictions from the conventional measurement converge around the actual damage location, the final damage is predicted to be 5% stiffness reduction at the 25th element. The damage identification errors plotted in Figure 9 tunings. The mean values are shown in solid lines with first standard deviations indicated by error bars. For both measurement methods, the damage identification errors show decreasing trends as the number of inductance tuning increases, which clearly demonstrates the effectiveness of data enrichment strategy utilizing the adaptive piezoelectric circuitry. However, the deviations of the prediction errors determined by the proposed method remain small and the final prediction error is 38%, while the conventional method yields large deviations in the prediction errors and its final prediction error is 73%, approximately twice that of the proposed method. Overall, the experimental results support and verify that the proposed approach utilizing the integrated bistable and adaptive piezoelectric circuitry enables accurate and robust damage identification under noise contamination.
Summary and conclusion
This research proposes and investigates a novel approach that utilizes an integrated bistable and adaptive piezoelectric circuitry to enhance the robustness and accuracy of electromechanical impedance-based damage identification. By changing the dynamic characteristics of the integrated system using adaptive piezoelectric circuitry, we can obtain a significantly increased number of impedance changes with respect to identical damage profile, which are accurately measured by monitoring the bifurcation activations in the bistable circuit array. As a result, the measurement method and the underdetermined inverse problem for damage identification are fundamentally improved to provide much more robust damage predictions against noise and measurement error. Numerical and experimental case studies have successfully verified that the impedance change measurements and the resulting damage identification performance are significantly enhanced by utilizing the proposed approach. Given that the data enrichment approach can significantly improve the damage identification performance against baseline modeling error, 1, 24 it is expected that the proposed method will also enhance the reliability of damage identification of complex structures that may exhibit considerable modeling error. Furthermore, by incorporating prior advancements of understanding environmental influences and the various compensation methods, 20, [50] [51] [52] [53] [54] it is expected that the proposed approach can be further advanced to adapt to the changing of environmental conditions such as temperature variation.
Overall, the results of this study demonstrate the potential of implementing the advanced bifurcationbased sensing approach in tandem with data enrichment technique, not only for the impedance-based SHM to provide a new robust pathway in practical implementations, but also for a broad range of sensing applications that are exposed to noise problem.
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